We determined the direction and strength of the photospheric and lower chromospheric magnetic field in the umbra and penumbra of a sunspot from inversions of spectropolarimetric observations of photospheric lines at 617 nm and 1565 nm, and the chromospheric Ca ii IR line at 854 nm, respectively. We compare the magnetic field vector with the direction of 75 flow channels that harbor the chromospheric inverse Evershed effect (IEF) near their downflow points (DFPs) in the sunspot's penumbra. The azimuth and inclination of the IEF channels to the line of sight (LOS) were derived from spatial maps of the LOS velocity and line-core intensity of the Ca ii IR line and a thermal inversion of the Ca ii IR spectra to obtain temperature cubes. We find that the flow direction of the IEF near the DFPs is aligned with the photospheric magnetic field to within about ± 15 deg. The IEF flow fibrils make an angle of 30-90 deg to the local vertical with an average value of about 65 deg. The average field strength at the DFPs is about 1.3 kG. Our findings suggest that the IEF in the lower chromosphere is a field-aligned siphon flow, where the larger field strength at the inner footpoints together with the lower temperature in the penumbra causes the necessary gas pressure difference relative to the outer footpoints in the hotter quiet Sun with lower magnetic field strength. The IEF connects to magnetic field lines that are not horizontal like for the regular photospheric Evershed flow, but which continue upwards into the chromosphere indicating an "uncombed" penumbral structure.
INTRODUCTION
The magnetic topology in sunspots on the solar surface shows an increase in its complexity from the central dark umbra towards the outer end of the penumbra. While umbral magnetic fields are barely inclined relative to the local surface normal and primarily expand into the upper solar atmosphere, the magnetic field lines in the penumbra show a mixture of different inclination angles (e.g., Solanki 2003; Bellot Rubio et al. 2004; Beck 2008) . Some of the magnetic field lines return back to the photosphere within the penumbra (del Toro Iniesta et al. 2001; Franz & Schlichenmaier 2013;  Ruiz Cobo & Asensio Ramos 2013; Esteban Pozuelo et al. 2016) , while some others continue upwards and outwards into the so-called superpenumbra that is seen in chromospheric diagnostics to extend beyond the sunspot boundary visible in the photosphere (Joshi et al. 2017) .
The more horizontal penumbral filaments carry the regular photospheric Evershed effect (e.g., Evershed 1909; Rezaei et al. 2006; Khomenko et al. 2015) , a radial outflow from the outer umbral towards the outer penumbral boundary that even continues into the moat region surrounding the sunspot (Rezaei et al. 2006) . The photospheric mass motions in and outside of sunspots are a basic aspect of their evolution related to, for instance, the energy transport in the penumbra or the loss of magnetic flux through moving magnetic features (Harvey & Harvey 1973; Vrabec 1974; Cabrera Solana et al. 2006; Kubo et al. 2008; Rempel 2015) .
The chromospheric inverse Evershed flow (IEF) goes in the reverse direction towards the umbra along fibrils that join the sunspot and the outer superpenumbral boundary. Its connection to the topology of the magnetic field in the penumbra is less well known. While different mechanisms have been proposed as the driver of the regular Evershed effect (Montesinos & Thomas 1997; Rempel 2012; Siu-Tapia et al. 2017) , the IEF is commonly assumed to be caused by a siphon flow (e.g., Thomas 1988) between an inner footpoint in the strong magnetic field inside a sunspot and an outer footpoint in a region with lower magnetic field strength. The different value of the magnetic pressure term at the two footpoints and the low temperature in the penumbra lead to a gas pressure difference directed towards the inner footpoint that can drive a flow along the connecting magnetic field lines.
The magnetic field orientation in the solar atmosphere can be derived with spatial resolution from an analysis of the polarization signal of individual profiles of Zeemansensitive spectral lines (del Toro Iniesta & Ruiz Cobo 2016) .
A direct determination of the direction of mass flows is not possible in the same way without additional assumptions on the symmetries of the flow pattern (Schlichenmaier & Schmidt 2000; Bellot Rubio et al. 2003) . While the apparent direction of flow channels in the plane perpendicular to the line of sight (LOS) can be determined from spatial maps of, e.g., Ic, line-core intensity Icore, line-core velocity v LOS and polarization degree p from the SPINOR 854 nm spectra. Middle row, left to right: magnetic field strength B at log τ = 0, inclination γ and azimuth φ from the inversion of the SPINOR 854 nm spectra, and B from the inversion of the SPINOR 1565 nm spectra. Top row, left to right: Ic, γ, φ and B from the inversion of the HMI data. All values of γ and φ are in the line-of-sight reference frame. The blue curved lines indicate the tracks of flow fibrils. The red pluses indicate the inner footpoints where the field lines return to the photosphere. The purple, red and orange bars in the first column indicate the direction of the fibril tracks and the azimuth of the 854 nm and HMI inversion at the footpoints, respectively. The four blue diamonds in the lower left panel indicate the locations of the Ca ii IR spectra shown in Figure 4 .
the LOS velocity of spectral lines (Choudhary & Beck 2018) , the flow angle to the LOS cannot be directly derived from individual spectra because only the projection of the true flow velocity to the LOS is known. This obstacle can be circumvented to some extent by a thermal inversion, i.e., the determination of the temperature structure along the LOS. If the thermal structure traces the flow channels, also their direction relative to the LOS can be determined from an analysis of such temperature cubes or two-dimensional temperature slices (Beck et al. 2014) . In this study, we investigate the flow angle of the IEF derived by this approach and compare its properties to those of the magnetic field vector at the downflow points of the IEF in the penumbra.
Section 2 describes the observational data used whose analysis is explained in Section 3. Section 4 gives the results on magnetic field properties and flow angle obtained, which are discussed in Section 5. Section 6 provides our conclusions.
OBSERVATIONS
The ground-based observations used here are described in detail in Choudhary & Beck (2018, Pesnell et al. 2012) . We use the results of an inversion of HMI data taken on 03 Aug 2013 with the Very Fast Inversion of the Stokes Vector code (Borrero et al. 2011 ) courtesy of R. Rezaei done with the settings described in Kiess et al. (2014) . Because of a miscommunication on the observing time (local vs. universal time), the closest HMI inversion available was taken at UT 12:36, i.e., three hours before the observations at the DST, but the sunspot did not significantly evolve during that time span (see Figure 1 ).
DATA ANALYSIS

Inversion of Spectropolarimetric Fe i Data at
1565 nm The spectropolarimetric observations at 1565 nm were analyzed with the Stokes Inversion based on Response functions code (SIR; Ruiz Cobo & del Toro Iniesta 1992). We included the eight Fe i lines listed in Table  1 that were covered in each spectrum. The inversion setup used a variable stray-light contribution, a single magnetic component in the umbra, two magnetic components in the penumbra, and a magnetic and a field-free component for profiles with significant polarization signal in the quiet Sun. All magnetic field parameters (inclination γ, azimuth φ, field strength B) were assumed to be constant with optical depth, while the temperature stratification was modified using two nodes. The 1565 nm inversion results turned out to be somewhat noisy especially in γ and φ because the spectral sampling of 20 pm partially under-sampled the lines. We thus decided to only use the field strength value B from this inversion (rightmost panel in the middle row of Figure 1 ) that was calculated as the average value of the two magnetic inversion components weighted with their relative fill factor in the penumbra.
1 The 90 ′′ for Ca ii IR given in Paper I was wrong. 
Inversion of Spectropolarimetric Ca ii IR Data at
854 nm The intensity spectra of Ca ii IR at 854 nm were inverted with the CAlcium Inversion using a Spectral ARchive code (CAISAR; Beck et al. 2013 Beck et al. , 2015 , see also Paper I). For the current study, we extended this code to a full-Stokes inversion code based again on SIR to derive the magnetic field vector from the Ca ii IR spectra.
We first created two calibration curves to obtain suited initial values for the inversion to speed up the convergence. We synthesized Stokes IQU V spectra of the Ca ii IR line at 854 nm with a field strength of 300 G and a varying magnetic field inclination using the Harvard-Smithsonian Reference Atmosphere (HSRA; Gingerich et al. 1971) as the temperature stratification. We calculated the ratio of linear to circular polarization
Fig. 4.-Example fits of (left to right) Stokes IQU V spectra of the Ca ii IR at 854 nm inversion. Black lines indicate the observations and red lines the best-fit result. The four spectra were located from top to bottom in the umbra, the inner and mid penumbra, and the largest pore in the FOV.
around the wavelength of maximal Stokes V amplitude in the synthetic spectra which is directly related to the inclination γ in the weak-field approximation (see, e.g., Jefferies et al. 1989 ). For observations, the ratio L/V can be easily determined in the same way and then either be directly converted to γ through (Beck 2006) 
or compared with the L/V calibration curve to retrieve γ. It turned out that the direct conversion is as accurate for the Ca ii IR line at 854 nm because of its small Landé coefficient.
To obtain an initial value for the field strength, we generated synthetic spectra using the HSRA for temperature, an inclination of 0 deg, and magnetic field stratifications of the shape
for field strengths B 0 of 0-2.5 kG with ∆τ = 4.5. We calculated the maximal Stokes V amplitude of the synthetic spectra to obtain a calibration curve of V as a function of B 0 (see the top panel of Figure 2 ). The ini- tial value of the magnetic field azimuth φ was derived from tan 2φ = Q/U .
For the inversion of the spectra, we then ran a standard iterative least-squares minimization by a gradient method with the free parameters γ, φ, ∆τ and B 0 using SIR to create the synthetic spectra. The temperature stratification for each profile was taken from the CAISAR inversion results of the Stokes I spectra and kept fixed, since it already provides a best-fit to the observed intensity spectrum. We used a non-standard definition of χ 2 given by
where QU V max are the values of the largest QU V amplitudes in the profiles maintaining their sign and the 1 wi are weighting coefficients. This choice of χ 2 weights fitting the values of γ and φ more than B or ∆τ and was selected because in the current study we are primarily interested in the direction of the magnetic field vector. The fit was limited to 40 iterations of the gradient determination with a mean duration of 4 s per profile and 8 s at maximum.
The first three panels in the middle row of Figure 1 show B, γ and φ from the 854 nm inversion of the first scan. Figure 4 shows four randomly picked examples of IQU V profiles in the first scan that all show a satisfactory fit, while the left panel of Figure 3 displays the corresponding magnetic field stratifications. The right panel of Figure 3 shows the variation of the exponential decay constant ∆τ across the FOV in the Ca ii IR inversion. It shows a systematic spatial variation with larger values in the umbra than in the penumbra. The coherent spatial evolution of ∆τ implies that there is no simple trade-off between B and ∆τ that would lead to a salt-and-pepper pattern.
Fibril Tracks, Thermodynamic Parameters and
Flow Angle From the analysis done in Paper I, we already obtained the spatial tracks of the flow fibrils and several thermodynamic parameters such as the line-core velocity, linecore intensity and the temperature stratifications along the fibril tracks. For the current study, we additionally determined the flow direction.
We used the temperature stratifications along the fibril tracks to manually define the flow angle relative to the LOS (see Figure 5) . We re-sampled the temperature stratifications first on an equidistant grid in km along the fibril tracks and then converted the optical depth scale in units of log τ on the vertical axis to geometrical height z assuming the same relation between z and log τ as in the HSRA model. We marked two points, one at photospheric level and one at chromospheric heights, for each fibril track to trace the slope of the temperature enhancements near the downflow points. We only used a subset of the fibril tracks in each scan of the sunspot where this definition was feasible, which left 75 out of originally 100 fibril tracks in the nine spatial maps. The overlaid plots of the LOS velocity in Figure 5 show that the locations determined from the temperature stratifications usually coincide with the locations of maximal flow speed even if we did not use them when defining the points in temperature.
The azimuth angle of the flow was derived from the tangent to the fibril tracks at the spatial location of the photospheric point (see Figure 1) . The azimuth of the fibril tracks and all other values of azimuth used were set to have 0 deg to the right in each map while increasing in the counterclockwise direction.
We then extracted all relevant quantities from the various inversion results (γ, φ, B) of the HMI, 854 nm and 1565 nm data at the location of the photospheric footpoints for each fibril in each spatial scan. The magnetic vector field and the flow direction were finally converted from the LOS reference frame (LOS RF) to the local reference frame (LRF) to provide the orientation relative to the solar surface.
RESULTS
Magnetic field strength
The top left panel of Figure 6 shows the histograms of the magnetic field strength B at the photospheric footpoints (FPs) in the HMI and 1565 nm inversion. The majority of the FPs was located inside the penumbra (see Paper I). The field strength ranges from 0.5 to 1 kG for HMI and from 1 to 1.5 kG for the 1565 nm inversion with average values of 0.8±0.2 kG and 1.3±0.3 kG, respectively. The HMI field strength is always only about 2/3 of that of the 1565 nm inversion, as the scatter plot in the top right panel of Figure 6 reveals. We confirmed this behavior by also looking at the scatter plot of B for the complete umbra and penumbra of the sunspot. The ratio stayed about the same, while the average difference between the two values in the umbra was about 600 G. In any case, the field strength at the inner FP is larger than at the outer end of the fibrils where no strong magnetic fields can be seen at all (see Figure 1 ).
Inclination
The middle left panel of Figure 6 shows the histogram of the inclination to the LOS derived from the HMI and Ca ii IR inversion, and as derived from the temperature along the fibril tracks. The distributions roughly coincide, with the exception of a lack of small values below 30 deg in HMI. The inclinations of the HMI and Ca ii IR inversion match those derived from the fibril tracks within about ±18 deg (right middle panel of Figure 6 and top panel of Figure 7 ). The results from the inversion of Ca ii IR scatter slightly more around the line of one-toone correlation than those of HMI, but the linear polarization signals in the Ca ii IR data are often small and affected by the noise level (Figure 4) . The average inclination values and their standard deviations are listed Table 2 . The average inclination to the LOS of about 50 deg scales the flow velocities determined in Paper I up by about 50 %, which puts most values directly into the supersonic range. This comes in addition to the underestimation of the LOS velocities caused by having two different spectral components at the downflow points as discussed in Paper I.
Azimuth
The corresponding plots for the azimuth in the bottom row of Figure 6 demonstrate that the azimuth direction is the quantity that matches best across the different methods. The direction of the magnetic field azimuth in the HMI inversion corresponds to the direction of the flow fibrils as determined from the line-core intensity and linecore velocity maps within again a ±18 deg range with an average value of mismatch below 10 deg (bottom panel of Figure 7 and Table 2 ). The azimuth in the Ca ii IR inversion again scatters somewhat more, but only a few points lie outside the ±18 deg range. Figure 7 shows the histograms of the differences between the three different approaches in inclination and azimuth in the LOS RF for completeness.
Flow Angle in the Local Reference Frame
We converted the flow angle and the orientation of the magnetic field from the LOS RF to the LRF following the approach in Beck (2006, Sect. 5.3.2) . The top panel of Figure 8 shows a scatter plot of the inclination values in the LRF. The range of values from 30-90 deg is slightly more compressed than in the LOS RF, with an average inclination to the local vertical of about 65 deg (bottom panel of Figure 8 and Table 2 ). The estimate of 30-60 deg for the angle to the local vertical in Paper I was derived visually from the plots of temperature along the fibril tracks such as in Figure 5 , but without taking their 2:1 aspect ratio into account, which led to an underestimation of the inclination to the LOS, and hence to the LRF.
DISCUSSION
We identified the tracks of flow fibrils from thermodynamic quantities, the line-core intensity and line-core velocity. The flow angle at the downflow points as derived from the direction of the fibril tracks and the apparent angle of the structures in the temperature inversion matches the magnetic field direction in the photosphere as derived from HMI data and from the polarization signal of the Ca ii IR line within about ±15 deg. That range lines up with the corresponding values for the deviation between fibrils and magnetic field vector found by Asensio Ramos et al. (2017, ±16 deg) for Ca ii IR and Schad et al. (2013, ±10 deg) for He i at 1083 nm. This suggests that chromospheric flow fibrils derived from thermodynamic diagnostics trace magnetic field lines, at least near locations where they are returning down to the photosphere.
The question whether chromospheric dark or bright fibrillar structures in general trace magnetic field lines goes back to a long-standing debate that was started based on Hα observations (Foukal 1971a,b; Frazier 1972; Zirin 1972a,b; Foukal & Zirin 1972) and that was labeled the "Zirin-Frazier controversy" by Cheng et al. (1973) . The most remarkable statement about this controversy was made in Cheng et al. (1973) More than four decades later, it might be worth to check whether solar physics has improved in that respect. The answer is unfortunately "yes, but only partially". The determination of the magnetic field vector from the polarization signal of the Ca ii lines is strongly hampered by the small polarization amplitudes (see Figures 1 and 4) , especially for linear polarization, the formation of these lines with a strong contribution from the low to upper photosphere (Centeno 2018 ) and the fact that structures such as flow fibrils are not necessarily opaque, but can be only a weak second component in a given spectrum (Paper I), apart from also being located at the upper end of the formation height range. Tracing the magnetic field lines outside of sunspots using Ca ii polarimetry is thus nearly impossible in most cases. The approach of determining the azimuth and LOS inclination of apparent thermodynamic structures is useful to circumvent these limitations.
Polarimetry of the chromospheric Hα line has been used multiple times for the determination of the magnetic field in off-limb structures (e.g., López Ariste et al. 2005) , but on the disk it was rarely performed, maybe because of the words of caution about the interpretation in Balasubramaniam et al. (2004) . As a result, there currently is not much data of polarimetry in Hα available at all just to investigate how well it would be suited for chromospheric magnetic field determination.
The only line that has been widely established as being suited and that was used for the derivation of chromospheric magnetic fields is the He i line at 1083 nm (e.g., Rueedi et al. 1995; Lin et al. 1998; Lagg et al. 2004; Asensio Ramos et al. 2008; Bethge et al. 2012; Martínez González et al. 2015) .
Our current results on the locations of the downflow points of the inverse Evershed effect and the angle of the flow fibrils relative to the local vertical support the picture of the "uncombed" penumbra (e.g., Solanki & Montavon 1993; Beck 2011) . The flow angle of the IEF near the downflow points is not compatible with horizontal magnetic field lines, but indicates field lines that leave the photosphere and continue into the upper solar atmosphere. In the uncombed picture of the penumbra, nearly horizontal penumbral filaments harbor the regular Evershed flow. The inverse Evershed flow then would connect to other magnetic field lines that wrap around the horizontal filaments (Borrero et al. 2008) .
The comparison of the magnetic field strength as derived from the inversion of HMI and 1565 nm data showed a somewhat surprisingly large difference. Even if the near-IR lines at 1565 nm form lower in the solar photosphere than the line used by HMI (Cabrera Solana et al. 2005) , the corresponding resulting field strength gradient of about 3 G km −1 in the umbra -assuming a 600 G difference in field strength and a 200 km difference in formation height -seems to be too large (see Balthasar 2018) . It might be worthwhile to acquire simultaneous spectropolarimetric observations of some near-IR line and the HMI line with high spectral resolution for a direct comparison (see also Sainz Dalda 2017).
CONCLUSIONS
The flow fibrils that harbor the inverse Evershed flow (IEF) in the superpenumbra of sunspots are well aligned with the magnetic field orientation near their downflow points in the penumbra. The average field strength of about 1.3 kG at those locations supports a siphon flow scenario as the driver of the IEF. The flow angle to the local surface normal of about 65 deg indicates a connection of the IEF fibrils to more vertical penumbral magnetic field lines that wrap around horizontal regular Evershed flow filaments. This would imply that the EF and IEF are unrelated phenomena. Confirming a relation between intensity or velocity fibrils with the magnetic field direction derived from the analysis of spectropolarimetric observations in Ca ii IR is nearly impossible outside of sunspots because of the intrinsic limitations on the Ca ii IR polarization signal.
